arXiv:l502.03614v2 [hep-ph] llJun2015 


CERN-PH-TH-2015-029 


The Supersymmetric Standard Models with a Pseudo-Dirac Gluino from Hybrid F— 

and D—Term Snpersymmetry Breakings 

Ran Ding,^ Tianjun Florian Staub,^ Chi Tian,^ and Bin Zhu^’® 

^ Center for High-Energy Physics, Peking University, Beijing, 100871, P. R. China 
State Key Laboratory of Theoretical Physics and Kavli Institute for Theoretical Physics China (KITPC), 

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, P. R. China 
^School of Physical Electronics, University of Electronic Science and Technology of China, Chengdu 610054, P- R- China 

“^Theory Division, CERN 1211 Geneva 23, Switzerland 
^Institute of Physics Chinese Academy of sciences, Beijing 100190, P. R. China 

We propose the Supersymmetric Standard Models (SSMs) with a pseudo-Dirac gluino from hybrid 
F— and D—term supersymmetry (SUSY) breakings. Similar to the SSMs before the LHC, all the 
supersymmetric particles in the Minimal SSM (MSSM) obtain the SUSY breaking soft terms from 
the traditional gravity mediation and have masses within about 1 TeV except gluino. To evade the 
LHC SUSY search constraints, the gluino also has a heavy Dirac mass above 3 TeV from D—term 
SUSY breaking. Interestingly, such a heavy Dirac gluino mass will not induce the electroweak fine- 
tuning problem. We realize such SUSY breakings via an anomalous U{l)x gauge symmetry inspired 
from string models. To maintain the gauge coupling unification and increase the Higgs boson mass, 
we introduce extra vector-like particles. We study the viable parameter space which satisfies all the 
current experimental constraints, and present a concrete benchmark point. This kind of models not 
only preserves the merits of pre-LHC SSMs such as naturalness, dark matter, etc, but also solves 
the possible problems in the SSMs with Dirac gauginos due to the T-term gravity mediation. 


Introduction —It is well-known that the weak scale 
supersymmetry (SUSY) is the most promising extension 
for physics beyond the Standard Model (SM) [1]. It pro¬ 
vides a well-motivated and complete framework to un¬ 
derstand the basic questions of TeV-scale physics: the 
gauge hierarchy problem is solved naturally, the light¬ 
est supersymmetric particle (LSP) such as neutralino can 
be a dark matter candidate, and gauge coupling unifica¬ 
tion can be realized, etc. The gauge coupling unification 
strongly suggests the Grand Unified Theories (GUTs), 
and only the superstring theory may describe the real 
world. Thus, the supersymmetric SM (SSM) is also a 
bridge between the low energy phenomenology and high- 
energy fundamental physics. 

However, the discovered SM-like Higgs boson with a 
mass around 125 GeV nia is a little bit too heavy in the 
Minimal SSM (MSSM) since it requires the multi-TeV 
top squarks with small mixing or TeV-scale top squarks 
with large mixing [4]. Also, there exist strong constraints 
on the SSMs from the LHC SUSY searches. For example, 
the gluino mass rrig and first two-generation squark mass 
rriq should be heavier than about 1.7 TeV if they are 
roughly degenerate rriq ~ rrig, and the squark mass rriq is 
heavier than about 850 GeV for rrig rriq Therefore, 
the naturalness of the SSMs is challenged. 

The basic idea to lift Higgs mass without threaten¬ 
ing the hierarchy problem is the introduction of addi¬ 
tional tree-level contributions [6HT2]. To escape the LHC 
SUSY search constraints, there are quite a few propos¬ 
als: natural SUSY [T31 [II], compressed SUSY [HHni, 
stealth SUSY [18], heavy LSP SUSY [19], i?-parity vi¬ 
olation [SniEl], supersoft SUSY [22H3T] . etc. Here, we 
would like to point out that all the sparticles in the SSMs 


can be within about 1 TeV as long as the gluino is heavier 
than 3 TeV, which is obviously an simple modification to 
the SSMs before the LHC. Also, such a heavy gluino will 
not induce the electroweak fine-tuning problem if it is 
(pseudo-)Dirac like the supersoft SUSY. However, there 
exists some problems for supersoft SUSY with Dirac 
gauginos: p, problem can not be solved via the Giudice- 
Masiero (GM) mechanism [32], the D-term contribution 
to the Higgs quartic coupling vanishes, the right-handed 
slepton may be the LSP, and the scalar components of 
the adjoint chiral superfields might be tachyonic and then 
break the SM gauge symmetry, etc [22] ■ The first three 
problems can be solved in the F—term gravity media¬ 
tion, while the last problem was solved recently m- 
Therefore, we will propose the SSMs with a pseudo-Dirac 
gluino from hybrid F— and D—term SUSY breakings. To 
be concrete, all the sparticles in the MSSM obtain SUSY 
breaking soft terms from the traditional gravity media¬ 
tion, and only gluino receives extra Dirac mass from the 
D—term SUSY breaking. Especially, all the MSSM spar¬ 
ticles except gluino can be within about 1 TeV as the pre- 
LHC SSMs. The merits of this proposal are: keeping the 
good properties of pre-LHC SSMs (naturalness, as well 
as explanations for the dark matter and muon anomalous 
magnetic moment, etc), evading the LHC SUSY search 
constraints, and solving the problems in supersoft SUSY 
via F-term gravity mediation. We show that such SUSY 
breakings can be realized by an anomalous U{l)x gauge 
symmetry inspired from string models. To achieve the 
gauge coupling unification and increase the Higgs boson 
mass, we will introduce vector-like particles. We shall 
discuss the low energy phenomenology, and the detailed 
studies will be given elsewhere [33] . 
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Model Building —In order to generate the Dirac 
gluino mass, a chiral superfield d* in the adjoint repre¬ 
sentation of SU{3)c is needed. To maintain the gauge 
coupling unification and lift the Higgs boson mass, we 
need to introduce some extra vector-like particles. To 
avoid the Landau pole for the SM gauge couplings below 
the GUT scale, we only have two kinds of models: A 6 = 3 
and A 6 = 4 where A 6 is the uniform contribution to the 
one-loop beta functions of the SM gauge couplings from 
all the new particles. The additional vector-like parti¬ 
cles and their quantum numbers in the supersymmetric 
SMs with Ab = 3 and Ab = 4 are given in Tables and 
|nj respectively. We will study the model with Ab — 3 
elsewhere (For Dirac gaugino case, see Ref. [29]-)- Here, 
we shall consider the model with Ab = 4. In this model, 
the SU{2)l X U{1)y Dirac gaugino masses are forbid¬ 
den, and the neutrino masses and mixings can be gener¬ 
ated via Type H seesaw mechanism [34] . From the string 
model building point of view, we usually do not have the 
vector-like particles T_|_ and T_ since they arise from an 
symmetric 15 representation of SU{5). Interestingly, the 
symmetric 15 representation of SU{5) or flipped SU{5) 
can indeed be obtained in the Type HA orientifold on 
T®/(Z 2 X Z 2 ) with intersecting D 6 -branes [33I3S]. The 
alternative way to get r+ and T_ is to embed SU{2)l 
into a diagonal gauge group of SU{2)a x SU{2)b, which 
was done in a particular Z 3 x Z 3 orbifold of the heterotic 
string m- In this case, the Type H seesaw mechanism 
can be realized as well |37|. 


tive contributions to the Higgs boson mass via the non¬ 
decoupling effects. Although with both terms we can still 
get the Higgs boson with mass around 125 GeV easily, 
to simplify the discussions we shall neglect the A' term 
in the following. The corresponding SUSY breaking soft 
terms are 

-Csoft = BtT_T+ + BdXD^XD + TxHuT.Hu 

+ MdG^ + la.c. + (1) 

where B^ t,d are bilinear soft terms, m| are soft scalar 
masses, and Mu is the Dirac gluino mass. 

SUSY Breaking —To realize the hybrid F— and 
D—term SUSY breakings, we shall consider the anoma¬ 
lous U{l)x gauge symmetry inspired from string mod¬ 
els [38]. Unlike Ref. [38], we introduce two SM singlet 
fields S and S' with U{l)x charges 0 and —1, and as¬ 
sume that all the SM particles and vector-like particles 
are neutral under U{l)x- In general, there could exist 
other exotic particles with U{l)x charges qf- from 
any real string compactification. Thus, the U{\)x D- 
term potential is 

VD = ^D^ = ^(^qf\Qff-\S'f+i'^ ,( 2 ) 

where for example, in the heterotic string compactifica¬ 
tion [45], the Fayet-Iliopoulos term is given by 


Particles 

Quantum Numbers 

Particles 

Quantum Numbers 

$ 

(8,1,0) 

T 

(1,3,0) 

XL 

(1,2,-1/2) 

XL'' 

(1,2,1/2) 

XE, 

(1,1,-1) 

XEf 

(1,1,1) 

S 

(1,1,0) 






g|Trg^ 

3847r2 


M, 


PI) 


( 3 ) 


where Mp\ is the reduced Planck scale. 

To achieve gravity mediation, we consider the follow¬ 
ing superpotential from the instanton effect which breaks 
U{l)x 


TABLE I. The extra vector-like particles and their quantum 
numbers in the supersymmetric SM with Ab = 3. Here, i = 
1, 2, and we do not have to introduce S except for Dirac 
gaugino case since it is an SM singlet. 


Particles 

Quantum Numbers 

Particles 

Quantum Numbers 

$ 

(8,1,0) 



XD 

(3,1,-1/3) 

XD" 

(3,1,1/3) 

T+ 

(1,3,1) 

r_ 

(1,3,-1) 


TABLE 11. The extra vector-like particles and their quantum 
numbers in the supersymmetric SM with Ab — 4. 

Gomparing to the MSSM, the new superpotential 
terms with universal vector-like particle mass are 

W = Mv(T+T_ + XD'^XD) + \HuT_Hu F X'HaT+Ha , 


lAlnstanton = MjSS' . (4) 


This is the key difference between our scenario and that 
in Ref. |38j where the superpotential is U{l)x invariant 
and then one can not realize the traditional gravity me¬ 
diation. Minimizing the potential, we obtain 

(5)=0, {S')^ = i-M]/gl, {Fs,)=0, (5) 

{Fs) = , {D) = M}lg\ . (6) 


Because S is neutral under U{l)x, the traditional grav¬ 
ity mediation can be realized via the non-zero Fs- The 
Dirac mass for gluino/<I> and soft scalar masses for $ and 
T _|_!_ can be generated respectively via the following op¬ 
erators 



M, 




d\d^V'D^X') 

K ^ ) 


■ p> 


where and are the MSSM Higgs fields. The A where we neglect the coefficients for simplicity, X' and 
and A' terms will respectively give positive and nega- X" can both be $ as well as respectively be ?+/_ and 
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T_, and M* can be the reduced Planck scale for gravity 
mediation or the effective messenger scale. In addition, 
like the above second kind of operators, we can have the 
similar operators for Hd/Hu and XD'^/XD. Although 
such operators for XD‘^/XD are fine, the operators for 
Hd/Hu must be suppressed. Otherwise, we will not have 
electroweak symmetry breaking due to large soft masses 
for Hd and Hu- For simplicity, we shall assume that 
these operators are suppressed due to the localizations 
of the particles in the extra space dimensions in Type 
IIA/B string constructions, or the suppressed couplings 
with messengers. To be concrete, in the Type IIA orien- 
tifold on T®/(Z2 x Z2) with intersecting D 6 -branes, all 
the particles except vector multiplets arise from the in¬ 
tersections of the D 6 -branes. The Yukawa couplings in 
the intersecting D-brane worlds arise from open string 
world-sheet instantons that connect three D-brane in¬ 
tersections [39l - l^ . For a given triplet of intersections, 
the minimal world-sheet action, which contributes to the 
Yukawa coupling, is weighted by a factor where 

Aabc is the world-sheet area of the triangles bounded by 
the branes a, b, and c [551 - HT] . Similar results hold for the 
four D-brane intersections (four-point interactions) |42j 
as well as the E 2 instanton effects Haim. Therefore, 
such operators for Hd/Hu and XD^/XD can be sup¬ 
pressed easily by adjusting the worldsheet areas due to 
the exponential suppressions. On the other hand, even if 
we do not consider the explanations from the Type IIA/B 
string constructions, the fine-tuning measures for these 
coupling hiearchies are about 25-70 since the soft masses 
for <1) and '?+/_ can be about 3-5 TeV. Such fine-tuning 
measures are similar to the following SUSY electroweak 
fine-tuning. 

Let us consider two cases for M*: (i) We choose 

M* = Mpi, Mi = 10® GeV, Tiq^ = 2, and gx = IQ-Va 
with a a real number. So we get D = 10^^/a^ GeV^ 
and Fs = 5.5a x 10^^ GeV^. For a = 2“^/^, we have 
D/Fs = 5.1, i.e., the Dirac gluino mass and the soft 
scalar masses of ?+/_ and $ are about 5.1 times larger 
than the gravity mediation via Fs- This case may be 
realized in Type IIA/B compactifications with the D- 
branes wrapping the large cycles but not in the heterotic 
string compactifications since gx is small, (ii) We choose 
Ml = 1.25 X 10® GeV, Trg^ = 2, and gx = 0.8, which 
may be realized in heterotic string as well. So we have 
D = 2.44 X 10i° GeV^ and Fs = 5.5 x lO^i GeV^ Thus, 
we need the effective messenger scale M* around 10® GeV 
to realize the relatively heavy masses for Dirac gluino 
and scalar components of 7+/_ and 4). In our model, the 
vector-like particles like XD‘^/XD can be messengers. 

Phenomenology Study —First, with two-loop renor¬ 
malization group equations (RGBs) for gauge couplings 
and two-loop RGBs for Yukawa couplings m iz] , we 
present gauge coupling unification in Fig. for My = 
Md = 5 TeV, and the GUT scale is around 10^^ GeV. 
To avoid the Landau pole problem for gauge couplings, 
we need My > 3 TeV and Md > 3 TeV. Thus, the con¬ 
tribution to Higgs boson mass from will be 



FIG. 1. Gauge coupling unification for My = Mo = 5 TeV. 


suppressed. In our model, we can have ^ My, and 
then there exists a non-decoupling effect as in the Dirac 
NMSSM [IHl 03] . The Higgs boson mass is increased by 

^ml = I3v^ , ( 8 ) 

where tan/3 = {Hu)/{Hd), and 

•^eff = / (My -I- rrix^ )). (9) 

Unlike the Dirac NMSSM, this contribution does not van¬ 
ish at large tan/3 limit, which is properly accommodated 
with some interesting low energy constraints such as the 
following Aa^. 

Numerical Results —For the numerical studies, we 
are going to study the effective theory at the SUSY scale 
after integrating out the vector-like particles. We imple¬ 
ment our model in the Mathematica package SARAH [SDL 
[5D] . SARAH is used in a second step to generate the 
various relevant outputs necessary for our analysis: we 
use the Fortran modules for SPheno [571 EH] to calcu¬ 
late the mass spectra and precision observables, and the 
model files for CalcHEP [SD] which are used together with 
micrOMEGAs |60l [DT] to calculate the dark matter relic 
density and direct detection rates. 

We consider all the current experimental constraints 
from the LEP, LHC, and B physics experiments, etc. The 
Higgs mass range is taken from 123 GeV to 127 GeV. 
Also, the SM prediction for the anomalous magnetic mo¬ 
ment of the muon [DU [S3] has a discrepancy with the 
experimental results [64| [65] as follows 

Aa^ = a^(exp) - a;,(SM) = (28.6 ± 8.0) x 10-i°.(10) 

In our scans, the input parameter ranges or values are 
given in Table jlllj In Fig. we present the Higgs mass 
versus Aeg to show the large impact of the non-decoupling 
effect, in addition to the other constraints, especially the 
allowed range of Aa^. We see that for moderate values 
of Acff around 0.2 — 0.3, the Higgs mass falls into the de¬ 
sirable range, unlike the DiracNMSSM. Another interest- 
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tan/3 

Aeff 



Ml 

M 2 

Mo 

^Q. 1^2 

^Q .3 


^L.3 


[5,60] 

[0.1,0.7] 

[0.3,1] 

[10-3,1] 

[ 0 . 01 , 0 . 1 ] 

[0.5,1] 

[3,5] 

[0.8,0.9] 

0 

0 

[0.1,0.5] 

[0.07,0.16] 

[V3,v^] 


TABLE III. The input parameter ranges or values used in our scans. All the mass parameters are given in appropriate power 
of TeV. Here, Mi are gaugino masses, /r is the bilinear Higgs mass in the superpotential and is the corresponding soft 
mass. We consider the universal scalar mass for the left- and right-handed squarks (sleptons) Q € {q, d, m} (L € {/, e}) and the 
degenerated first and second generations. We choose M 3 = 0.6 TeV and the vanishing trilinear soft terms for three generations. 



xf 


Gr, Bl 

Ti 

UR,Ul 

U 

dRjdi 

h 



(204,446,502,561) 

(446,561) 

(800,257) 

(802,805) 

(211,309) 

(956,958) 

(920,927) 

(957,962) 

(897,938) 

124.8 

~ 705 


TABLE IV. The particle spectrum (in GeV) for a benchmark point with pseudo-Dirac gluino masses 2927 GeV and 3470 GeV 
for tan ,5 = 29, Mi = 0.21 TeV, p = 0.5 TeV, = 0.02 TeV^ Ma = 0.5 TeV, M 3 = 0.6 TeV, Md = S TeV, Aeii = 0.22, m* = 
1.92 TeV, rriQ = 0.6 TeV, = 0.8 TeV mi 3 = 0.26 TeV, mg 3 = 0.55 TeV. In this benchmark point, we have 

Aew = 60.4, = 0.1187, Aufi = 9.96 x 10 “^°, and the spin independent cross section crl^jv = 2.85 x 10 “^® cm^. 



FIG. 2. The Higgs mass versus Aeii. The blue points provide 
the spectra without tachyons. In addition to satisfy the Higgs 
mass requirement, the green and red points have Aa^ within 
3 (t and la ranges, respectively. 


ing property is that the electroweak symmetry breaking 
(EWSB) can be realized even in the range of small /r, 
which alleviates the following fine-tuning problem. 


Fine-Tuning —Because we discuss the simple low en¬ 
ergy phenomenology here, we consider the low energy 
fine-tuning measure defined in Ref. |66j as follows 

2 

Aew ) ? (H) 


where 


Cffd = 


m^2 


tan2 ,0—1 

, = 


mEf2 tan^ /3 
tan^ /? — 1 





{XMvf ( 

16^2 log 


( 12 ) 

(13) 

(14) 


Compared to Ref. [55] we have additional from 

the triplet threshold corrections to uih^. We find that 
the entire fine-tuning measure is given by (7^ while the 
other terms Ch^^, Cb^ and are negligible. In 

particular, the fine-tuning measure can be as low as 50 
for the viable parameter space, even if the threshold ef¬ 
fects at large My and Mo are considered. Since our 
MSSM sparticles except the gluino can be within about 
1 TeV while gluino is Dirac, it seems that the fine-tuning 
measure from high energy definition |67[ I68j will be small 
as well, which will be studied elsewhere. 


Dark Matter —For simplicity, we concentrate on 
the LSP neutralino-stau coannihilation scenario here. 
To achieve this goal, we choose the following input 
parameter values or ranges: fi = 0.5 TeV, = 

0.15 TeV^ M 2 = 0.5 TeV, M 3 = 0.6 TeV, Mo = 
3 TeV, Aeff = 0.22, ui^ = 2 TeV, m.Q 1^2 ~ 1&2 “ 

1 TeV, rriQ 3 = 0.404 TeV, 5 < tan/3 < 30, 10 (ieV < 
Ml < 300 GeV, 90 GeV < < 300 GeV. All the 

other parameters are taken as in Table |Tll| We use the rel¬ 
atively large values for p, and M 2 of 500 GeV to suppress 
the Higgsino and wino components of the LSP neutralino. 
This reduces the direct detection rates since the coupling 
to the Z boson is highly reduced. Moreover, we need a 
small mass splitting between the light stau and LSP neu¬ 
tralino to get an efficient coannihilation and to soften the 
LEP bounds on SUSY searches: for — m^o > 7 GeV 
a limit of > 87 GeV is present while for nearly de¬ 
generated staus and neutralinos this limit becomes much 
weaker [551 HOj. Finally, the fine-tuning measure is still 
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FIG. 3. The spin-independent LSP neutralino-nucleon cross 
section versus the LSP mass. The blue points have the par¬ 
ticle spectra without tachyons. The yellow points satisfy the 
Higgs mass reqnirement and have Aa^ within 3a range. The 
green points have the correct relic density given in Eq. (15l. 
And the red points satisfy all the current constraints. 


small, Aew — 60. 

As the preferred range for the LSP neutralino relic den¬ 
sity, we consider the 2 a interval combined range from 
Planck-|-WP-|-highL-|-BAO [2] 

0.1153 < flcDMh^ < 0.1221 . (15) 

In Fig.[^ we show the results for spin-independent LSP 
neutralino-nucleon cross section. Because the masses 
of the first two generations of squarks have been fixed 
at 1 TeV and the Higgsino component in the LSP is 
heavily suppressed, the constraints from direct detection 


searches are easily evaded for all the considered points. 
The spin-independent cross sections are about one or two 
orders of magnitude below the current best limit pro¬ 
vided by the LUX experiment [75] . Especially, the points 
with the LSP masses above 20 (15) GeV are within the 
reach of the projected XENONIT (XENONIOT) sensi¬ 
tivity m- Also, we find that the current constraints on 
spin-dependent cross sections are much weaker at the mo¬ 
ment. To be concrete, in Table IV we present a viable 
benchmark point whose MSSM particles except gluino 
are within 1 TeV. 


Conclusion —We have proposed the SSMs with a 
pseudo-Dirac gluino from hybrid F— and D—term SUSY 
breakings, which can be achieved via an anomalous 
U{l)x gauge symmetry inspired from string models. All 
the MSSM particles obtain the SUSY breaking soft terms 
from the traditional gravity mediation and can have 
masses within about 1 TeV except gluino. To escape the 
LHC SUSY search constraints and avoid the electroweak 
fine-tuning problem, the gluino also has a heavy Dirac 
mass above 3 TeV from D—term SUSY breaking. To real¬ 
ize the gauge coupling unification and lift the Higgs boson 
mass, we introduced extra vector-like particles. We have 
studied the viable parameter space which satisfies all the 
current experimental constraints, and given a concrete 
benchmark point. This kind of models keeps the merits 
of pre-LHC SSMs and solves the possible problems in the 
supersoft SUSY. 
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